ABSTRACT: This study introduces a fatigue assessment procedure using mesh-insensitive structural stress method based on the Common Structural Rules for Bulk Carriers by considering important factors, such as mean stress and thickness effects. The fatigue assessment result of mesh-insensitive structural stress method have been compared with CSR procedure based on equivalent notch stress at major hot spot points in the area near the ballast hold for a 180 K bulk carrier. The possibility of implementing mesh-insensitive structural stress method in the fatigue assessment procedure for ship structures is discussed.
INTRODUCTION
It is well known that most fatigue damages in bulk carriers occur mostly in the area near ballast holds because its structural members are subjected to high internal pressure due to ballast water.
According to the International Association of Classification Societies (IACS) damage record, fatigue damages to members in the ballast hold of bulk carriers is 99.8% of the total damage cases for primary members. Therefore, the damages to cargo holds in bulk carriers other than ballast holds are less than 0.2%. Approximately 72% of fatigue damages occurred at the connections between the inner bottom platings and the plates of lower stools or hopper tanks (IACS, 2010a) . It is evident that fatigue problem in bulk carriers is an on-going issue and a highly accurate fatigue assessment method is needed to ensure safety of ship structures and prevent pollution as well as lifesaver.
Hot spot stress approach is commonly used for fatigue life assessment of ship structures (Lee et al., 2010; Park et al., 2011) . Fatigue assessment procedure in Common Structural Rules (CSR) for Bulk Carriers also incorporates the equivalent notch stress range obtained by multiplying the equivalent hot spot stress range by a fatigue notch factor. Finite element analysis using very fine mesh with a typical element size of the plate thickness is commonly employed for fatigue assessment of the ballast hold, such as at the lower stool and the bilge hopper connections. The calculation of hot spot stress in the vicinity of the weld toe involves many difficulties and uncertainties. In addition, the design rule procedures sometimes provide inconsistent results depending on the calculation method for the hot spot stress with respect to stress extrapolation and element selection. Recently, a mesh-size insensitive structural stress definition that provides a stress state at the weld toe using a relatively large mesh size was proposed (Dong, 2001) . The structural stress definition is based on elementary structural mechanics theory and provides an effective measure for the stress state in front of the weld toe. The structural stress is expressed in the form of membrane and bending stress components that satisfy equilibrium conditions based on finite element analysis. In this method, balanced nodal forces are used to estimate the local stresses in the vicinity of the considered weld toe. The results, therefore, have less deviation than the stress obtained from shape functions inside the elements (Dong and Hong, 2003) .
The structural stress approach for fatigue assessments has been widely investigated in various industrial fields. In the field of shipbuilding, a comparative study has been performed employing hot spot stress and structural stress approach to evaluate the fatigue strength at the shell on the longitudinal side of a container vessel (Kim et al., 2009) . While many studies on the application of structural stress approach for fatigue assessment of structural details have been carried out (Dong, 2004; Healy, 2004; Hong and Dong, 2004; Dong, 2005) , there is no attempt to employ the approach for fatigue assessment of bulk carriers.
In this study, a fatigue assessment procedure that incorporates mesh-insensitive structural stress method based on CSR for Bulk Carriers is suggested and compared with the fatigue evaluation result based on hot spot stress method commonly used in CSR.
SUMMARY OF FATIGUE ASSESSMENT PROCEDURE IN CSR
Fatigue assessment procedure in CSR for Bulk Carriers (IACS, 2010b) is adopted based on the equivalent notch stress range obtained by multiplying the equivalent hot spot stress range by a fatigue notch factor.
Extrapolation-based hot spot stress is employed to obtain stresses at geometric discontinuities using the mesh size that corresponds to the plate thickness as shown in Fig. 1 . 
where mean f is the correction factor for mean stress. The equivalent notch stress range is calculated with Eq. (2).
where f K indicates the fatigue notch factor as defined in Table 1 . The cumulative probability density function of the long-term distribution of combined notch stress ranges is taken as a twoparameter Weibull distribution:
where: The elementary fatigue damage for each loading condition is calculated using the following formula: 
A FATIGUE LIFE ASSESSMENT PROCEDURE INCORPORATING MESH-INSENSITIVE STRUCTURAL STRESS

Mesh-insensitive structural stress
The stress gradient, which occurs at the weld toe through the plate thickness, is shown in Fig. 2 (a). This stress gradient is categorized into a linear component generated due to structural discontinuity and a non-linear notch component generated by the notch effect at the weld beads, as illustrated in Fig. 2(b) . Here, the former, which is explained by a mechanically equilibrium condition for the imposed load, can be defined as a structural stress ( ) 
where 1 = element size along the weld A membrane stress and a bending stress are calculated with Eq. (10) using the line force and the line moment obtained previously. Thereafter, the structural stress, which is expressed as a sum of membrane and bending stresses can be calculated. 
where s σ is the structural stress and m σ , b σ are the membrane and bending stresses, respectively. t is the plate thickness, y f is the line force towards y direction, and x m is the line moment towards x-axis.
The equivalent structural stress ( ) eq S ∆ which is estimated by considering the thickness effect and loading mode of the previously obtained structural stress, can be defined with Equations (2-15) (Battelle, 2004 
Since the thickness correction, loading mode effects and geometrical discontinuities are already included in Eq. (11), any type of weld joints or loading modes can be evaluated consistently with the equivalent structural stress. Based on Eq. (11), over 
For the design master S-N curve,
15465.6 C = , ' 3.08 m = log 12.88 3.08log Fig. 4 The master S-N curve by using equivalent structural stress parameter.
Mesh-insensitive structural stress procedure based on CSR for bulk carriers
A fatigue assessment of bulk carriers that incorporates mesh-insensitive structural stress approach based on CSR for Bulk Carriers procedure can be summarized as shown in Fig. 5 . Fig. 5 Comparison of procedure for equivalent notch stress range and equivalent structural stress range.
The equivalent notch stress range and equivalent structural stress range are used as local stresses to determine the fatigue life of bulk carriers using CSR fatigue assessment procedure and the structural stress approach, respectively. Stress concentration due to geometric discontinuities in the vicinity of weld toe is included in the hot spot stress range and structural stress range. The mean stress effect, fatigue notch factor, coating effect, material strength effect and thickness effect are taken into account explicitly in CSR procedure for bulk carriers. The structural stress approach is also able to consider those effects, except for the coating effect due to corrosive environment. The equivalent structural stress approach is has already been investigated for the material strength effect. The terms ( ) This means that all effects affecting the fatigue life of bulk carriers in CSR, except for corrosion, are explicitly considered in the structural stress procedure. The differences between the two procedures are seen in the S-N curves, local stresses due to geometric discontinuities and coefficients for several effects.
The effect of any mean stress that influences the fatigue strengths can be evaluated by summing any residual stresses and the structural mean stress. The correction factor for mean stress in CSR fatigue procedure can be calculated using Eq. (16).
Whereas, if structural stress is used for fatigue life assessment, the mean stress effect can be calculated using Eq. (17) for positive R ratio shown in Fig. 6(a) or Eq. (18) for negative R ratio shown in Fig. 6(b) (Battelle, 2004) . where t is the net thickness in mm
The thickness effect, which is an effect of fatigue life reduction by plate thickness, was introduced by Gurney (1981) and a quantitative assessment method was proposed. Since then, the thickness exponent proposed by Gurney is generally used for plate thickness effect on fatigue strength estimation.
International Institute of Welding (Hobbacher, 2009) recommended that the use of thickness exponent should depend on the joint type, such as butt, cruciform, T-joint and tubular joints, based on the fatigue results from various researches (Yagi et al. 1991; Orjaster, 1995; Gurney, 1995) .
The thickness effect in the structural stress method is implemented through (17) and (18). The thickness correction for equivalent structural stress was validated (Battelle, 2004 ) using the fatigue test results for various joint types and thicknesses (Yagi et al., 1991) .
The thickness exponent employed in CSR for Bulk carriers is not able to consider the thickness effect if the reference thickness is less than 22 mm, as shown in Fig. 7 . Also, Fig. 7 shows that fatigue life reduces linearly with plate thickness using the thickness exponent method depending on the thickness exponent, while fatigue life reduces with consideration of thickness effect for plates thicker than 1 mm using the term
in the structural stress method. However, Gurney (1995) has mentioned that the plate thickness below 22 mm may be considered. Fig. 7 Example of thickness effect between hot spot stress and structural stress.
FATIGUE ASSESSMENT OF 180 K BULK
Target vessel
In this study, the finite element model for three cargo holds of 180 K bulk carrier was used for the fatigue assessment as shown in Fig. 8 . The principal dimension of the target vessel is listed in Table 2 . The typical three locations for possible fatigue crack points were assumed in the vicinity of the intersection of lower stool, inner bottom plating, bilge hopper plate and inner bottom plating as listed below:
• IB-LS (sloping): the connection between inner bottom plating and sloping plate of lower stool These three locations are considered as fatigue vulnerable locations in bulk carriers. The connection between the inner bottom plating and the lower stool is normally stiffened by a thick insert plate as illustrated in Fig. 10 . Fig. 10 Plate thickness in the vicinity of insert plate at LS-IB connection (sloping).
Insert plates are widely used for lower stool and inner bottom connections to enhance fatigue strength. Specific net thicknesses of insert plates used in this study are listed in Table 3 . The hot spot locations and the corresponding fatigue cracks for each model considered in this study are illustrated in Fig. 11 . 
Fatigue assessment result
A total of 32 load cases were subjected to the model with respect to load cases and loading conditions given in Tables 4 and  5 . The hot spot stress results of all 32 load cases were given in Tables 6 to 8. The results of structural stress for the three hot spot points are given in Tables 9 to 11 . From four loading conditions, the structural stress of predominant load cases was calculated for both tension and compression sides to find the stress ratio for the mean stress effect consideration. The equivalent notch stress, which was calculated based on the fatigue assessment procedure of CSR for Bulk Carriers, and the equivalent structural stress based on the proposed procedure are given in Table 12 . In order to calculate both the equivalent notch stress and the equivalent structural stress, the mean stress effect, thickness effect, coating and material strength effects were taken into account. Fatigue damage and fatigue life were calculated from the equivalent notch stress and equivalent structural stress using the B-curve for CSR for Bulk Carriers and the master S-N curve for the structural stress procedure, respectively. In terms of fatigue damage at the considered hot spot points shown in Table 13 , the structural stress procedure results show different but not significant fatigue life compared to the equivalent notch stress procedure in CSR for bulk carriers. However, the difference might be due to the usage of different slopes for the S-N curve as shown in Fig. 12 . At high stress level, such as for IB-LS (vertical) case, there was not much difference between the two S-N curves. However, at low stress level, which was less than 10 7 cycles, such as for IB-LS (sloping) case, the two S-N curves provided different fatigue life. Another reason for the difference is the structural stress method is not able to reflect the corrosion induced environment and fatigue improvement methods considered in CSR. Fig. 12 Two S-N curves used in this study.
Concluding remarks
Fatigue assessment for lower stool and bilge hopper connections in a 180 K bulk carrier was carried out using CSR for Bulk Carriers based on the equivalent notch stress, and the mesh-insensitive structural stress approaches. The main findings of this study are summarized as follows:
In this study, a fatigue life evaluation procedure using mesh-insensitive structural stress based on CSR for bulk carriers has been proposed and compared with the present CSR fatigue assessment procedure.
Significant factors affecting fatigue life evaluation in CSR for bulk carrier are mean stress, plate thickness, corrosive environment, material strength and fatigue notch effect. Mesh-insensitive structural stress approach was able to explicitly consider these effects to evaluate fatigue life, except for the corrosive environment factor.
According to the analysis of the results, it was demonstrated that the extrapolation-based hot spot stress and structural stress provided similar geometric stress values within 20% difference. The equivalent notch stress range and equivalent structural stress range also exhibited similar tendency.
The calculated fatigue damage at the structural locations considered in this study showed different results. It was assumed that different slopes of the S-N curves and the coefficients of several factors used in the two procedures contributed to the difference. While the fatigue procedure of CSR for Bulk Carriers is a classification society rule available mainly for shipbuilding, the mesh-insensitive structural stress approach is a fatigue assessment procedure for a general welded structure. In this regard, further research and investigation are required to consider the structural stress approach as a viable fatigue assessment procedure for ships and offshore structures.
